chloronium ortho-to-para ratios consistent with 3, the ratio of spin statistical weights.
Introduction
The chloronium molecular ion, H 2 Cl + , is one of several new interstellar molecules discovered using the HIFI instrument (de Graauw et al. 2010 ) on board the Herschel Space
Observatory (Pilbratt et al. 2010) . Chloronium was first detected by Lis et al. (2010) -who used the Herschel/HIFI to perform absorption line spectroscopy of the 1 11 − 0 00
485 GHz transition of para-chloronium toward the bright submillimeter continuum sources NGC 6634I and Sgr B2 (S). Toward NGC 6634I, the 2 12 − 1 01 782 GHz transition of ortho-chloronium was also detected, leading to an inferred ortho-to-para ratio of 3.2,
close to the ratio of statistical weights for the two spin states. Interstellar H 2 Cl + was subsequently detected by Neufeld et al. 2012 (Paper I) in absorption toward W31C and Sgr A (+50 km s −1 cloud), and in emission from the Orion Bar photodissociation region and Orion South molecular condensation. The chloronium abundances inferred from the absorption line detections in Paper I, amounting to as much as 12% of the gas-phase chlorine budget, were surprisingly high relative to predictions obtained using the Meudon PDR model (Le Petit et al. 2006 ) with a chemical network for Cl-bearing molecules similar to that described by Neufeld & Wolfire (2009, hereafter NW09) . These Herschel observations were followed by ground-based (IRAM 30-m and CSO) detections of the 189 GHz 1 10 − 1 01 transition of ortho-H 2 Cl + toward W31C and W49N (Gerin et al. 2013) , which -combined with Herschel/HIFI detections of the 1 11 − 0 00 transition of para-H 2 Cl + -provided additional estimates of the H 2 Cl + ortho-to-para ratio. These estimates were consistent with the high-temperature LTE value of 3, but had very large error bars. Most recently, extragalactic chloronium has been detected in the z = 0.89 absorber in front of the lensed blazar PKS 1830-211 (Muller et al. 2014) , again through observations of the 1 11 − 0 00 transition, redshifted now to ∼ 257 GHz.
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The chemistry of interstellar chloronium has been discussed extensively in NW09 and
Paper I and only a brief summary is needed here. With an ionization potential (12.97 eV) slightly below that of atomic hydrogen, chlorine is singly-ionized in diffuse atomic clouds. In regions where the H 2 fraction becomes significant, Cl + reacts exothermically with H 2 to form HCl + , a molecule that has now been detected Here, the spectra obtained for the two orthogonal polarizations were found to be very similar and were averaged to reduce the noise level, yielding signal-to-noise ratios on the continuum in the range ∼ 100 − 300. Alternate panels show the frequencies computed for either the signal (black frames) or image sideband (brown frames) in the rest frame of the source. Magenta dashed lines indicate identified emission lines in the relevant sideband. and 98 MHz. Finally, the averaged absorption spectra were converted to a transmission fraction under the assumption that the sideband gain is unity; the transmission is then
given by 2T A /T A (cont) − 1, where T A is the double-sideband antenna temperature and
is the continuum temperature.
Results
In Figure 4 , we show (black histograms) the transmission fractions for ortho-H were excluded from the hyperfine-deconvolution procedure.
In Table 3 , we present the column densities derived for ortho-H 35 2 Cl + within those velocity intervals adopted by Indriolo et al. (2015) for each source. These column densities were derived for an assumed excitation temperature of 2.73 K, the temperature of the cosmic microwave background, an approximation that is expected to be excellent for foreground diffuse clouds where the density and radiation field are low, but one that is likely invalid for material associated with the background source itself. For an excitation temperature of 2.73 K, the ratio of the ortho-H 2 Cl + column density to the total, velocity-integrated optical depth for all hyperfine components in the 2 12 − 1 01 transition is 4.65 × 10 12 cm −2 per km s −1 , while the ratio of the para-H 2 Cl + column density to the total, velocity-integrated optical depth for all hyperfine components in the 1 11 − 0 00 transition is 2.24 × 10 12 cm −2 per km s −1 . for the para-chloronium spectrum obtained toward W49N, we adopt instead a maximum antenna temperature of 25 mK.
In Table 4 , we compare the column densities derived for ortho-H 4. Discussion
Chloronium abundances relative to atomic hydrogen
Our best estimates of the N(H 2 Cl + )/N(H) column density ratios, listed in Table 3 and plotted in If we now disregard the large N(H 2 Cl + )/N(H) ratio reported for W31C, the maximum discrepancy between theory and observation is reduced from the factor ∼ 10 discussed in Paper I to a factor ∼ 5. Moreover, since the publication of Paper I, Novotný et al.
(2013) have reported a laboratory measurement of the rate coefficient for dissociative recombination (DR) of HCl + , a key intermediary in the primary production pathway for chloronium: Cl (hν, e) Cl
The measured value is smaller than that adopted by NW09 by a factor of 1.5 at 10 K and 3 at 300 K. Since the DR of HCl + limits the availability of HCl + to form H 2 Cl + , a downward revision in the adopted rate coefficient would increase the predicted H 2 Cl + abundances; however, the dependence is a relatively weak one, in that a factor 10 reduction in that rate coefficient was found to increase the H 2 Cl + abundance by only a factor of 1.3 (Paper I). Definitive measurements of the DR rates for HCl + under astrophysical conditions -and also for H 2 Cl + , which is primarily destroyed by DR -will have to await future experiments at the Cryogenic Storage Ring (CSR) in Heidelberg. This facility will permit the first storage ring measurements of rotationally-cold molecular ions, in contrast to previous measurements in which the recombining ions had a rotational temperature ∼ 300 K. The case of rotationally-cold ions is most appropriate to hydride molecular ions in low-density diffuse clouds, where most ions are in the ground rotational states; depending upon the exact details specific to each DR process, future CSR measurements could yield rate coefficients that are either smaller or larger than those obtained with rotationally-warm ions.
The astrochemical models presented in Paper I predict that the maximum N(H 2 Cl + )/N(H) ratios are attained in diffuse clouds of total visual extinction (∼ 0.3 mag) in which the gas is primarily atomic, a prediction that is supported by the observed distribution of H 2 Cl + in velocity space. In particular, the H 2 Cl + absorption line profiles plotted in Figure 1 are more similar to those of OH + and H 2 O + (Indriolo et al . 2015) -two species believed to originate in gas of small molecular fraction -than they are to those of H 2 O, HF (Sonnentrucker et al. 2015) or CS . The latter three molecules, believed to be most abundant in gas with a high molecular fraction, tend to show narrow absorption features that are entirely absent in the OH + , H 2 O + and H 2 Cl + spectra.
Chloronium isotopologue ratio
Because isotope-selective fractionation is expected to be entirely negligible, the 
Chloronium ortho-to-para ratio
The ortho-to-para ratios (OPRs) plotted in Figure 6 (bottom panel) are all consistent with the ratio of statistical weights, 3, to within the estimated uncertainties. This is the behavior expected in LTE at temperatures much larger than ∆E op /k = 20.2 K, where ∆E op is the energy difference between the lowest rotational states of ortho-and para-chloronium (Crabtree et al. 2011 ) and NH 3 (e.g. Persson et al. 2012 ) both show OPRs with significant departures from the values expected in LTE, a behavior that is believed to reflect the OPR of H 2 molecules involved in the formation of these hydrides through nuclear-spin-conserving gas-phase reactions (e.g. Oka 2004 , Faure et al. 2013 Le Gal et al. 2014 
However, if the formation mechanism does not involve a long-lived intermediate complex,
but occurs instead by a hopping mechanism in which a hydrogen atom breaks off from H 2 and attaches to HCl + in a long-range interaction, then OPR 0 (H 2 Cl + ) is the ratio of statistical weights (i.e. 3), regardless of OPR(H 2 ) . Detailed quantal calculations will be needed to determine which case applies to H 2 Cl + .
As discussed by Gerin et al. (2013) and Herbst (2015) , the relationship between OPR 0 (H 2 Cl + ) and the observed OPR for H 2 Cl + depends upon the relative rates of two processes: (1) destruction, which occurs primarily via dissociative recombination at a rate that we assume to be identical for the two spin symmetries; and (2) thermalization via reactive collisions:
The latter process tends to drive OPR(H 2 Cl + ) to its LTE value, OPR LTE (H 2 Cl + ). The solid black curve in Figure 7 shows the dependence of OPR LTE (H 2 Cl + ) upon the gas temperature, while the red curve shows the analogous quantity for molecular hydrogen, OPR LTE (H 2 ).
Dashed red and black curves show the functions 9 exp(−20.2K/T ) and 9 exp(−170K/T ) applying in the low temperature limit where only the lowest two rotational states are populated.
Given an H 2 OPR that is in LTE -the behavior typically predicted in theoretical models for diffuse molecular clouds -and if the formation of H 2 Cl + occurs via the scrambling mechanism, then the blue curve shows OPR 0 (H 2 Cl + ), as computed from equation (1).
The observed OPR(H 2 Cl + ) is therefore expected to lie between the blue and the black curves, depending upon the relative rates of destruction and thermalization. Typically, astrochemical models (e.g. NW09) predict that chloronium is most abundant in gas that is primarily atomic and has a temperature ∼ 100 K.
In steady-state, and with the assumptions given above, we find that
where k op is the rate coefficient for the forward reaction in (2), k po is the rate coefficient for the reverse reaction, and k dr is the rate coefficient for dissociative recombination of H 2 Cl + .
Now using the principle of detailed balance to infer that k po = k op OPR LTE (H 2 Cl + ), we may obtain the chloronium OPR as a weighted mean of OPR LTE (H 2 Cl + ) (black curve in Figure   - 16 -7) and OPR 0 (H 2 Cl + ) (blue curve in Figure 7 )
where x = k op /[k op n(H) + k dr n e ] lies between zero and unity. For 100 K gas that is primarily atomic with an electron abundance equal to the gas-phase elemental abundance of carbon (1.6 × 10 −4 ), we find that k dr n e /n(H) ∼ 5 × 10 −11 cm 3 s −1 . Thus, if thermalization proceeds at the Langevin rate with k op ∼ 10 −9 , then x in equation (4) is roughly 0.95 and the expected chloronium OPR is close to OPR LTE ; in the opposite limit where
, we find that x ≪ 1 and the OPR is close to OPR 0 . Once again, future studies will be needed to estimate the value of k op .
Given our assumptions about the possible errors, all of the observed chloronium OPR values plotted in Figure 5 (lower panel) are consistent with 3, and most are consistent with 2.5. In light of the foregoing discussion, and given a strong prior from astrochemical modeling that chloronium in diffuse clouds is primarily present in gas with a temperature of at least 30 K (for which OPR LTE (H 2 Cl + ) is very close to 3), an OPR between 2.5 and 3
can be explained in any of the following scenarios: (1) b For an assumed dipole moment µ = 1.89 Debye (Müller 2008) . The spontaneous radiative rates are proportional to µ 2 . an assumed maximum antenna temperature of 50 mK) result in an underestimate of the inferred H 2 Cl + optical depth.
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